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Abstract 
STEVEN P. GLOSS 
Water quality changes under ice cover were studied in seven 
northern prairie lakes. The lakes are high in dissolved materials 
and exist essentially as closed systems during the winter months. 
Ice cover ranging from 53 to 86 cm developed on the lakes. Melted 
ice samples showed small amounts of dissolved impurities present 
in surface layers of the ice. No substantial concentrations of any 
ions were found in the ice of lower layers. Specific conductance 
increased over 40% under ice cover in two of the lakes studied. 
Increases in other lakes ranged from 19 to 38%. Major ions showed 
increases similar to specific conductance in all but one of the 
lakes. Most dissolved materials returned to their fall levels 
following the spring ice melt. A concentration phenomenon can be 
expected to occur in many shallow northern prairie lakes under 
ice cover. Increases in ion concentration appear related to the 
extent of ice cover. 
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INTRODUCTION 
Lakes in eastern South Dakota often show marked increases in 
dissolved solids as winter ice cover develops. Such increases are 
apparently due to a "freeze out" of ionic material as ice forms and 
to the fact that these lakes are shallow, closed basins with up to 
40% of their volume frozen. The extent of increase in dissolved 
solids appears to be influenced by the thickness of ice cover and 
the percentage of the lake volume in ice. 
Objectives of the present study were to further document 
changes in water quality which occur under ice cover; to determine 
basic chemical properties of ice on lakes of the region; and to 
determine the extent of variation among lakes with respect to the 
relationship between thickness of ice cover and level of dissolved 
solids. It was expected that an explanation of the observed increase 
in dissolved solids under ice cover could be derived from the study. 
Lakes of differing water quality and morphometry were selected to 
further establish that this phenomenon is not isolated in specific 
lakes. The study was not intended to provide a detailed explanation 
of complex chemical changes involving single types of ions. The 
accuracy of analytical procedures used (see Methods) and the 
infeasibility of more intensive sampling precluded such definitive 
analyses. 
Limnological conditions in lakes during periods of ice cov�r 
have been studied as they relate to winterkill of fishes (Greenbank, 
1945; Moyle and Clothier, 1959). Chemical analyses in these studies 
have been limited almost exclusively to dissolved oxygen and certain 
toxic gases. Thermal properties and natural water movement under ice 
cover have also been studied. Bilello (1968) reported a temperature 
rise from 0. 3 C to 3. 0 C during a 25 day period in a shallow, ice­
covered lake. This increase was attributed to heat stored in the 
pottom muds and surrounding land mass. Water in small ice-covered 
lakes has been shown to move horizontally and v�rtically. Move­
ment is caused by heat convection from the bottom muds and 
horizontal movement is usually more pronounced (Likens and Hasler, 
1962; Likens and Ragotzkie, 1965). 
Pounder (1965) indicated the most important role of ice is 
biological, as insulation on lakes and rivers. The formation of 
types of ice crystals, their orientation, freezing and melting 
rates, and movement have been studied extensively (Kingery, 1962; 
Pounder, 1965). Desalinization of water by freezing processes has 
been practiced experimentally and commercially in recent times 
(Sandell, 1960; Snyder, 1962) . Chalmers (1959) indicated that 
solutes are rejected by the advancing formation of ice crystals. 
Welch (1952) mentioned that "freeze out" can occur in fresh 
water under ice cover but provided no detail of the phenomenon. 
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Effects of ice cover on the chemistry of lake water are 
apparently unreported except for the work of Krumholz and Cole 
(1959) and Hill (1967) who reported low values for hardness and 
alkalinity in melt water. Both studies were carried out under 
unusual conditions which occurred in specific areas. The present 
study indicates a phenomenon which probably prevails each winter 
in many northern prairie lakes. 
Data from the U. S. Geological Survey (1965) indicated an 
increase in specific conductance for winter samples in several 
lakes in North and South Dakota. Schmidt (1967) showed annual 
maximums for most chemical properties occurring under ice cover 
in 44 South Dakota lakes. 
Most northern prairie lakes are similar to those found in 
eastern South Dakota. Many have no flowing inlets or outlets except 
during periods of heavy precipitation. These lakes are under ice 
coyer three months or longer each year. Extended periods of heavy 
ice cover may result in substantial changes in water quality of 
many northern prairie lakes. 
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DESCRIPTION OF STUDY AREA 
The following seven lakes in eastern South Dakota were studied: 
Herman, Madison, Campbell, Poinsett, Cochrane, Enemy Swim and 
Pickerel. Surface areas ranged from 149 to 3157 hectares and 
average depths from 1.22 to 4. 88 meters (Table 1) . They are 
eutrophic, third class lakes (Hutchinson, 1957) with no thermal 
stratification because of shallowness and exposure to wind. 
These lakes are glacial in origin and lie on the Coteau des 
Prairies, a highland area between the Minnesota-Red River Lowland 
and the James River Lowland in eastern South Dakota (Figure 1) . 
- Land elevation ranges from 610 meters above sea level on the 
northern Coteau to about 488 meters in the south. Soils of the 
entire area are of the Chernozem type with notably higher content 
of organic matter and total nitrogen in surface horizons than in 
surrounding soils (Westin, Puhr, and Bentley, 1967) . The lakes are 
high in dissolved solids and exist as essentially closed systems 
except for runoff and ground water seepage. Schmidt (1967) has 
presented more detailed information regarding the water quality of 
these lakes as it relates to the geology of the area. 
Climatological characteristics of the region show a 2. 5 C 
variation in average monthly temperatures from October through April 
with normal average January temperature being -11. 8 C in the north 
(Aberdeen, S, Oak. ) and -9. 3 C in the south (Sioux Falls, S. Dak. ) .  
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Table 1. Morphometry and location of lakes studied. * 
Name County Surface Area Maximum Depth Average Depth Depth at Sampling Station 
(hectares) (m) (m) (m) 
Herman Lake 546 2. 13 1. 22 2. 13 
Madison Lake 1133 3. 81 2. 96 3. 05 
Campbell Brookings 405 2. 13 1. 22 1. 52 
Poinsett Hamlin 3157 5. 49 1. 83 3. 05 
Cochrane Deuel 149 7. 92 3. 05 7. 32 
Pickerel Day 386 12. 19 4. 88 7. 62 
Enemy Swim Day 870 7. 92 3. 05 7. 32 
* Morphometric data from South Dakota Department of Game, Fish and Parks records. 
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Figure 1. County map of South Dakota showing location of lakes 
* Sioux Falls 1. Lake Herman 5. Lake Cochrane ** Aberdeen 2. Lake Madison 6. Enemy Swim Lake 
3. Lake Campbell 7. Pickerel Lake 
4 .  Lake Poinsett 
- - - - Coteau des Prairies 
Aberdeen and Sioux Falls represent the closest complete weather . 
reporting stations to the northern and southern extremes of the 
study area (Figure 1) . Precipitation for the period October 
through April averages 16. 53 cm in the north and 21. 21 cm in the 
south. Average temperatures and precipitation during the study 
varied little from the monthly means (Table 2) . 
Ice cover in the study area can be expected to develop any time 
after mid-November. It varies from over 100 cm in the north to 
less than 50 cm in the south and is normally present until at least 
the first of April and often until mid-April (Schmidt, 1967) . 
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Table 2. Temperature and precipitation data.* 
North1 
Month Normal Temp. 1967-68 Temp. Normal Precip. 
(C) (C) (cm) 
October 9.0 7.9 1. 65 
November -0.9 -0. 4 0.38 
December -7.7 -8. 6 1. 19 
January -11. 8 -12. 0 1. 67 
February -9. 4 -9.0 1. 65 
March -2. 1 2.4 2. 77 
April 7. 1 6. 7 7. 22 
South2 
October 10. 2 8. 4 3. 18 
November 0. 3 0.4 2.54 
December -6. 1 -5. 6 1. 88 
January -9. 3 -8. 4 1. 57 
February -7.2 -7.3 2. 36 
March -1.1 4.3 3. 91 
April 7.7 8.8 5. 87 
* Climatological data from U. S. Dept. of Conunerce records. 
1 North data for Aberdeen, S. Dak. 
2 South data for Sioux Falls, S. Dak. 
1967-68 Precip. 
(cm) 
3.02 
1. 88 
1. 55 
0. 38 
0.25 
6. 96 
12. 22 
0. 99 
0. 07 
2.31 
0.84 
0.23 
1. 55 
11.02 
00 
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METHODS 
Water samples were collected at a single station on each lake, 
except on Lake Herman and Enemy Swim Lake, where five and seven 
stations, respectively, were sampled. All water samples were obtained 
with a Kemmerer water bottle (3200 ml capacity) and stored without 
preservative in brown nalgene bottles. 
Ice samples were collected with an electric ice auger. Initial 
ice samples were taken between the upper 4 to 25 centimeters of ice. 
All subsequent samples were taken from the point of maximum ice 
thickness at the previous sampling to within a few centimeters of 
the unfrozen water. This method assured a sample of ice which had 
frozen after the previous sample. Chippings from the new ice were 
collected and stored in plastic bags until thawing.for laboratory 
analysis. Ice samples were taken at the same location as the water 
samples. 
Each lake was sampled five times during the study: once in the 
fall prior to freeze-up, three times during ice-cover (at approximately 
30-day intervals), and once immediately following the spring ice melt. 
Water samples were collected at one meter and at maximum depth at 
each station. During ice cover the surface sample was taken from the 
first meter of water below the ice. Due to the shallowness of the 
station on Lake Campbell (1.54 meters) , a single mid-depth sample was 
taken. 
Analyses of alkalinity, dissolved oxygen, pH, temperature,.and 
transparency were conducted in the field. Transparency was measured 
with a Secchi disc and only when the lakes were ice free. Dissolved 
oxygen concentrations were determined by the azide modification of 
the Winkler method, temperature was measured with an electrical 
resistance bridge thermometer, and pH was measured with a portable 
pH meter (Beckman, Model N) . 
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Laboratory analyses of water and ice melt were carried out within 
48 hours of the collection time. All chemical analyses were carried 
out on samples filtered through glass fiber filters. Chemical 
procedures followed those described in the 12th edition of Standard 
Methods for the Examination of Water and Wastewater (APHA, 1965) 
except as otherwise noted. Sodium and potassium concentrations were 
determined using flame photometry. Direct Nesslerization was 
employed for the ammonia determinations. Millipore filters of . 45 
micron diameter pore size were used for the nonfiltrable residue 
determinations. A drying temperature of 103 - 105 C was used for 
total residue. Filtrable residue was determined indirectly by sub­
tracting the nonfiltrable residue from total residue. Specific 
conductance was measured on a Solu-Bridge conductivity meter. 
Volumetric titrations described in the Hach Chemical Company 
Catalog No. 10 were used for analyses of hardness, alkalinity and 
chloride. The mercuric nitrate nethod was·used for chloride 
determinations. Sulfate was determined according to the method 
described by Fritz and Yamamura (1955) . 
RESULTS A.i.'ID DISCUSSION 
Weather Conditions 
Winter temperatures in 1967-68 were near normal for the region 
under study with the exception of March temperatures, which averaged 
approximately 5 C above normal (Table 2). Higher March temperatures 
resulted in the disappearance of lake ice one to two weeks earlier 
than usual. Complete freeze-up did not occur until about December 
12, 1967, and the spring melt occurred April 2 in the south and 
April 4 in the north. The period of ice cover should be considered 
shorter than normal but not highly unusual. Precipitation differed 
slightly from normal over the first six months of the period but 
not enough to cause any substantial increases in lake volume. The 
water levels in the lakes remained stable during the study. 
Physical and Chemical Analyses 
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Physical and chemical analyses of the water and ice samples 
showed considerable change through the sampling period (Tables 7-13). 
Values presented for the water are averages from the surface and 
bottom samples. Results from surface and bottom samples were very 
similar. Instances where a substantial difference existed are 
included separately. Water values for Lake Herman and Enemy Swim 
Lake also represent the average of single surface and bottom samples. 
Both lakes were sampled more extensively than the others to determine 
to what extent variation of water quality occurred within each lake. 
12 
Sampling several stations is sometimes necessary to obtain a 
representative sample on certain lakes (APHA, 1965) . Results of 
multiple station analyses on these two lakes indicated little 
variation within lakes (Table 3) and therefore a single representative 
value is reported. The variations among stations are, with few 
exceptions, within the+ 5% accuracy level for specific conductance 
(APHA, 1965) .  All stations not designated as surface or bottom 
stations were located close to shore and samples were collected at 
one meter depth. No stations were consistently different from others 
through the sampling period. Dissolved substances (exclusive of 
gases) are usually uniformily distributed throughout lakes of the 
third order during periods of ice cover (Welch, 1952). 
Ice Samples 
Interpretation of effects of ice cover on the unfrozen water in 
a lake requires some knowledge regarding the physical and chemical 
properties of ice . 
Ice itself is usually pure water and any impurities present are 
incorporated in very thin layers between the ice crystals, The 
extent of ion incorporation and rejection is dependent on several 
physical and chemical processes. Analyses of samples showed a 
comparatively high concentration of impurities in the December ice 
(Tables 7-13), which formed quickly, compared to ice formed after 
the December sample. Lodge, Baker and Pierrard (1956) found that 
Table 3 .  Specific conductance values for multiple sampling stations on Lake Herman 
and Enemy Swim Lake. 
Lake and October-November December 
Station 
Herman 
IS* 950 1170 
lB* 950 1170 
2 940 1170 
3 955 1170 
4 955 1290 
5 955 1170 
Enemy Swim 
I 500 
2 420 415 
3S* 425 430 
3M 425 425 
3B* 425 425 
4 445 
5 470 
6 420 460 
7 425 450 
* Data averaged to obtain representative values. 
S Surface 
M Mid-Depth 
B Bottom 
January February April 
1300 1390 950 
1350 1400 950 
1000 1390 950 
1250 1400 975 
1250 1410 950 
1200 1390 960 
530 
485 580 530 
490 580 530 
505 580 530 
500 595 530 
570 510 
525 605 505 
500 600 520 
495 595 520 
faster freezing rates lead to greater ion separation. Faster 
freezing ice can therefore be expected to contain higher amounts 
of impurities. Several other workers have reported migration 
patterns of ice impurities along a thermal gradient toward the 
warmer side of the ice (Hoekstra, Osterkamp and Weeks, 1965; 
Shreve, 1967) . Such a gradient may occur in lake ice due to the 
effects of daytime air temperatures and solar radiation warming 
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the ice surface. This might explain the presence of more impurities 
in surface layers. Daytime increases in ice temperature have been 
reported as occurring even when air temperatures were several degrees 
below that of the ice (Schuepp, 1948). 
Amounts of impurities in lake ice vary according to the type 
of ice sampled within a lake. Cobb (1963) reported that milky 
appearing ice (C-axis vertical) contained 2. 5 to 10 times greater 
salt concentrations than clear, dark ice from the same lakes. The 
concentrations, while different between ice types, were quite low. 
All samples in the present study were collected from the clear, dark 
type of ice although milky ice was observed on the lakes. No notice­
able difference in amounts of clear vs. milky ice was observed among 
lakes. 
Analyses of melted ice showed no unusual properties. A "freezing 
out" or exclusion of salts and minerals resulted in low concentration 
of all ions in the ice water. 
Anions appeared to be incorporated in the ice samples in higher 
concentrations than cations. Lakes with higher concentrations of 
certain anions seem to show this selection best. Chloride and 
sulfate ions in Lake Madison ice (6 and 40 mg/1 respectively) and 
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the sulfate ions in Lake Cochrane ice (358 mg/1) are examples. Ice 
on other lakes might have incorporated higher levels of carbonate, 
although complete verification of this is lacking . Workman and 
Reynolds (1950) showed a selection of anions over cations in ice 
formation. Workman (1954, p .  73) stated "One can say with a 
reasonable certainity that the freezing of water is a significant 
agency for influencing the concentration and nature of the solute 
materials of terrestial water." Lodge, et al . (1956) and Gross 
(1965) have also reported selective incorporation of anions . Optimal 
concentrations of anions and controlled freezing rates were used to 
demonstrate this selection. The levels of anions found in these 
lakes coupled with the complex association of different anions may 
have prevented more obvious support for anion selection. Laboratory 
results of other workers were obtained using solutions containing 
single anion associations (e. g. potassium flouride). 
Lakes with higher concentrations of dissolved solids showed 
higher concentrations of impurities in the initial ice sample than 
did lakes with lower dissolved solids concentrations (Tables 7-13) . 
Because of this apparent relationship, it seemed likely that each 
sample of new ice (formed since the previous sample was taken) from 
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a given lake would contain higher levels of impurities due to the 
expected increases in concentrations of dissolved solids in the water. 
This increase in impurity concentrations did not occur, probably 
because slower freezing produces purer ice (Lodge et al . ,  1956) and 
possibly because of migration of impurities toward the surface layers . 
Very low concentrations of several ions were still present in the 
second and third ice samples but may have been due to experimental 
techniques and should be regarded only as traces.  Ice of a given 
layer was sampled only once . Additional sampling of the upper 
layers on different dates might have provided information regarding 
the migration of incorporated ions . 
The pH values recorded for the ice samples were determined 
within several hours of the time the samples melted. The initial ice 
sample showed a higher pH than the lake water and subsequent ice 
samples. This higher value is possibly due to the incorporation of 
more carbonates and bicarbonates into the ice of the first sample . 
The lower pH values of subsequent samples might be attributed to a 
lower level of these ions caused by migration toward the surface. 
Total residue levels for the ice samples do not correspond with 
the measurements of specific conductance . There is an increase in 
total residue for all ice at the January sample (except Lake Cochrane) 
while there was a decrease in all measurements of specific conductance . 
No reasons for this increase in total residue can be given. Plankton 
and suspended sediments are possible sources of non-ionic residue 
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which might have been incorporated into the ice, I feel the sp�cific 
conductance measurements provide a better comparative indication of 
ion concentration than does total residue. No filtrable residue 
values are available for the ice since no nonfiltrable residues were 
run. 
Observations of the ice samples during filtration for other tests 
indicated there was a noticeable amount of particulate matter present 
in the first ice sample but not in the other two samples (January and 
February) . 
Lakes 
Inverse temperature gradients developed in the lakes and were 
followed by gradual warming throughout the winter. Temperature was 
not measured often enough to show a normal winter pattern. Temperatures 
ranged from O C (Enemy Swim Lake) to 3. 5 C (Lake Herman) prior to 
freeze-up. Lake Herman showed the largest temperature increase under 
ice cover (0 . 4  C to 3. 2 C) . 
Secchi disc measurements are intended only as a comparison of 
transparency found in these lakes. Two basic groups are established 
on this basis: Lakes Herman, Madison, Campbell, and Poinsett being 
quite turbid (20 to 110 cm) and Cochrane, Enemy Swim, and Pickerel 
being considerably less turbid (140 to 215 cm), although not 
exhibiting a high level of transparency when compared to lakes of 
other regions. I feel the relationship established by the Secchi 
disc transparency also indicates the relative degree of eutro-
phication of these lakes, 
I 
I 
I 
I 
I 
I 
I 
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Krumholz and Cole (1959) reported changes in the water of a 
Kentucky Knobs lake during periods of intermittent ice cover. Water 
samples showed an increase in total alkalinity directly beneath the 
ice. This increase was also reflected in measurement of total solids. 
Ice contained only one-tenth of the total alkalinity concentration 
in the lake. A decrease in hardness was noted by Rill (1967) in 
water directly underneath the ice during a partial melt, indicating 
dilution by the melt water of lower hardness. 
The U. S. Geological Survey (1965) has reported specific 
conductance values for numerous lakes in North and South Dakota. 
Samples were taken at various times during the year and in some 
cases a sample was taken during winter months when there was 
undoubtedly ice cover on the lakes. No information is available 
regarding the extent of ice cover. Several of the lakes sampled 
are in eastern South Dakota, Values for these lakes indicate 
considerable increases in specific conductance between periods of 
open water and periods of ice cover (Table 4) . 
Specific conductance is the best single property for comparison 
among lakes, since it is directly related to the total dissolved ion 
content of the water and is not as variable as filtrable residue 
among lakes. Standard Methods (APHA, 1965) indicates factors for 
changing specific conductance to filtrable residue varying from 
. 55 to . 90 depending on the chemical composition of the water. 
Table 4. Specific conductance values of lakes sampled by the U ! s. 
Geological Survey. 
Specific Specific 
Lake and Date Conductance Lake and Date Conductance 
19 
of Collection (micromhos at 25 C) of Collection (micromhos at 25 C) 
Red Bitter 
10-5-64 2990 10-16-64 11200 
2-5-65 7990 2-13-65 33800 
5-18-65 3030 5-22-65 8920 
9-7-65 4460 9-9-65 9690 
Andes (south remnant) Medicine 
10-25-64 3220 10-16-64 35300 
2-4-65 4110 2-15-65 48200 
5-18-65 3340 5-23-65 41200 
9-7-65 3590 9-12-65 46200 
Richmond Kampeska 
10-17-64 997 10-15-64 526 
2-6-65 1120 2-16-65 774 
5-20-65 898 5-24-65 436 
9-9-65 963 9-12-65 461 
Roy Norden 
10-21-64 1370 10-15-64 1400 
2-12-65 1690 2-16-65 2710 
5-21-65 1320 5-24-65 1100 
9-10-65 1270 9-11-65 971 
Red Iron Albert 
10-21-64 554 10-15-64 1850 
2-12-65 810 2-16-65 2950 
5-21-65 521 5-24-65 1440 
9-10-65 535 9-11-65 1700 
Buffalo Henry 
10-21-64 739 10-15-64 1070 
2-12-65 1070 2-15-65 2100 
5-12-65 646 5-25-65 944 
9-10-65 623 9-11-65 872 
20 
Table 4. (continued) 
Specific Specific 
Lake and Date Conductance Lake and Date Conductance 
of Collection (micromhos at 25 C) of Collection (micromhos at 25 C) 
Waste Wall 
10-19-64 1670 10-23-64 1150 
2-13-65 2410 2-18-65 1460 
5-22-65 1630 5-26-65 1090 
9-9-65 1600 9-13-65 1080 
Blue Dog Pickerel 
10-20-64 481 10-20-64 482 
2-13-65 997 2-12-65 546 
5-20-65 458 5-21-65 463 
9-9-65 477 9-10-65 450 
Poinsett Enemy Swim 
10-14-64 1070 10-20-64 470 
2-17-65 1420 2-13-65 567 
5-25-65 952 5-22-65 467 
9-11-65 985 9-10-65 459 
Herman Madison 
10-22-64 1020 10-23-64 1430 
2-17-65 1550 2-17-65 1830 
5-26-65 877 5-26-65 1360 
9-13-65 914 9-13-65 1400 
Specific conductance was also used as a general comparison of the 
increasing ion concentrations to the development of the ice cover 
in the present study (Figures 2-8) . 
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Schmidt (1967) also reported maximum ion concentrations occurring 
in winter for eastern South Dakota lakes. Increa�es from other periods 
of the year varied among lakes and no information regarding the extent 
of ice cover is available (Table 5). 
There are several lakes in eastern South Dakota which have 
higher dissolved solids content than those studied and may show 
increases considerably larger than those found in this study. 
Fresh water has a total dissolved solid concentrat.ion of less 
than 0. 5 parts per thousand (Macan, 1963). Lakes with concentrations 
' higher than this are considered brackish waters. Eleven lakes 
(Red Lake, Lake Andes, Waste Lake, Lake Henry, Lake Albert, Lake 
Norden, Medicine Lake, Bitter Lake, Lake Byron, Cottonwood Lake, 
Lake Cochrane) reported by Schmidt (1967), the U. S. G.eological 
Survey (1965), or in this study exceed one part per thousand in total 
dissolved solids. Some of these lakes exist as brackish waters all 
year and others increase in salinity under ice cover enough to be 
considered brackish waters. 
Chemical analyses of lake water during this study indicated a 
general pattern of increasing concentration of dissolved substances 
·as the ice cover increased. The lakes showed varying degrees of 
Table 5. Average specific conductance values for several eastern South Dakota lakes 
as reported by Schmidt (1967) . 
Lake Summer Fall Winter Spring 
Bigs tone 655 853 1093 
Buffalo 580 505 887 568 
Byron 2400 3900 4800 1750 
Cottonwood 2867 2600 4750 1700 
Enemy Swim 420 439 571 465 
Madison 1280 1175 1375 1055 
Punished Woman 430 383 700 380 
Roy 1150 1210 1518 1165 
Traverse 905 1025 1650 
White 800 997 1175 
increase in specific conductance compared to the extent of the ice 
cover (Table 6).  Individual ions also showed some variation in 
response among lakes. 
Results from each lake are discussed separately to point out 
some of these variations. 
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Lake Herman. The ice cover on Lake Herman comprised the largest 
percentage of lake volume (41%) for any lake studied. The correspond­
ing increase in specific conductance was also the largest (47%). 
Major ions showed� pattern quite similar to that of specific 
conductance, increasing as the ice thickened and returning to levels 
at or near those found prior to freeze up in the spring (Figure 2) . 
Major cations in Lake Herman are calcium, magnesium and sodium. Major 
anions are carbonate and sulfate. Potassium, which is not present 
in high concentrations, showed a lower value at the January sampling 
and increased again (February sample) before dropping in April. Total 
alkalinity began to decline sli�htly at the February sampling instead 
of increasing with the ice cover. Reasons for these changes are 
unknown. Neither deviation from the pattern of the other ions is 
considered important. The change in total alkalinity (80 mg/1) was 
not large enough and potassium was not present in high enough 
concentration (17 mg/1) to have any apparent effect on the overall 
increase in ion concentration. 
Lake Madison. Specific conductance increased 25% while the ice 
included 17% of the lake volume at its maximum thickness. The 
Table 6. Relationship between lake volume, extent of ice cover, and 
increases in specific conductance. 
Lake Volume Maximum Maximum 
m3 % Lake Volume % Increase in 
in ice* Specific Conductance 
24 
(based on initial sample) 
Herman 6, 661, 200 41 47 
Madison 33, 536, 800 17 25 
Campbell 4, 941,000 39 43 
Poinsett 57, 773,100 38 34 
Cochrane 4, 544, 500 20 19 
Enemy Swim 26, 535, 000 24 38 
Pickerel 18, 836, 800 16 31 
* The volume of the ice was calculated using the surface area of 
the lake and then divided by the coefficient of expansion for 
ice (1. 125) . 
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Table 7. Physical and chemical analyses of Lake Herman (chemical 
analyses as mg/1). 
Date of Collection 10-27-67 12-29-67 1-28-68 2-21-68 4-3-68 
Ice 
Thickness (cm) 0 36 46 56 0 
Sample 
Temperature 
gl (C) 3.5 0.0 LO 3.0 6.2 
B2 3. 1 0.8 3.5 3. 5 6.2 
pH w3 8. 08 7.90 7.65 8.00 8.27 
14 8.75 7.29 7.30 
Dissolved 
Oxygen (Oz) w 10.7 5.6 4.8 25.0 10.2 
Phenolphthalein 
Alkalinity w ·  0 0 0 0 0 
(CaC03) I 4 0 0 
Total 
Alkalinity w 280 314 360 336 228 
(Caco3) I 20 5 5 
Secchi disc 
(cm) s 40 40 
Calcium 
Hardness w 264 305 330 348 253 
(Caco3) I 16 4 2 
Total 
Hardness w 475 597 628 713 492 
(CaC03) I 34 8 10 
Chloride w 7. 3 9.0 9.1 10.5 7. 7 
(Cl) I 0.5 LO 0.8 
Ammonia w 2.00 1.16 1.18 0. 36 0.21 
(NH3) I 0. 12 o.oo o.oo 
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Table 7. (continued) 
Date of Collection 
Sulfate w 
(S04) I 
Sodium w 
(Na) I 
Potassium w 
(K) I 
Specific 
conductance 
micromhos/cm w 
(at 25 C) I 
Total w 
Residue I 
(mg/1) 
Nonfiltrable 
Residue w 
(mg/1) 
ls =  surface sample 
2B = bottom sample 
10-27-67 12-29-67 
305 407 
18 
57 70 
2 
17 22 
1 
950 1170 
65 
796 1002 
49 
' !,  
26 5 
1-28-68 
445 
0 
73 
0 
20 
0 
1325 
<50 
1045 
94 
. . 
15 
3w = mean value of surface 
4r = melted ice sample 
and bottom sample 
27 
2-21-68 4-3-68 
493 357 
0 
80 57 
0 
22 15 
0 
1395 950 
<SO 
1198 891 
0 
.l '- · 
16 76 
28 
specific conductance increase corresponds directly to the increasing 
ice cover (Figure 3) . Considerable differences were found in surface 
and bottom samples on January 29. The surface sample showed lower 
concentrations of all ions. This is attributed to melting of the 
ice because of above freezing temperatures for several days prior 
to sampling. Values appearing in Table 8 for this date are those 
of the bottom sample which I believe represents the concentration 
in the lake except for that water immediately below the ice. This 
type of change in ion concentration of surface water which may 
occur several times during the winter in all lakes is only temporary. 
This change would be reversed with the onset of colder weather . 
Major anions in Lake Madison are sulfate, chloride, and carbonate. 
Major cations are calcium , magnesium , and sodium. Concentrations 
for calcium hardness and total hardness showed substantial declines 
at the January sampling but increased to their maximum concentrations 
by the February sampling. The decrease in hardness was due to the 
decrease in calcium hardness only (78 mg/1) and apparently had no 
effect on the overall ion increase as measured by specific conductance. 
Potassium declined much as it did in Lake Herman but again was not 
considered a major ion (21 mg/1) . 
Lake Campbell. The change in specific conductance in Lake Campbell 
very closely paralleled the growth of the ice cover (39% of lake 
volume) and increased 43% at its maximum (Figure 4) . ·  Maj or ions all 
showed concentration patterns similar to that of specific conductance. 
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Figure 3 .  Relationship between specific conductance and ice thickness on  Lake Madison. 
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Table 8. Physical and chemical analyses of Lake Madison (chemical 
analyses as mg/1). 
Date of Collection 11-3-67 12-29-67 1-29-68 2-21-68 4-3-68 
Ice 
Thickness (cm) 0 36 56 56 0 
Sample 
Temperature 
sl (C) 1.5 1.0 1.5 6.5 
B2 1.5 2.5 2.5 6.5 
pH w3 8.90 8.17 8.47 8.25 8.67 
r4 7.90 7. 07 7. 00 
Dissolved 
Oxygen (02) w 11. 7 12.1 29.2 25.0 10.9 
Phenolphthalein 
Alkalinity w 19 0 28 15 17 
(Caco3) I 0 0 0 
Total 
Alkalinity w 202 243 256 265 175 
(Caco3) I 16 6 4 
Secchi disc 
(cm) s 50 110 
Calcium 
Hardness w 267 335 257 345 268 
(Caco3) I 40 4 2 
Total 
Hardness w 708 821 760 904 678 
(Caco3) I 60 8 6 
Chloride w 136 157 170 175 145 
(Cl) I 6 2 1 
Ammonia w 0.35 LOO 0 . 31 0.45 0. 32 
(NH3) I 0.13 0.00 o . oo 
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Table 8 .  (continued) 
Date of Collection 11-3-67 12-29-67 1-29-68 2-21-68 4-3-68 
Sulfate w 588 652 693 731 577 
(S04) I 40 8 5 
Sodium w 114 158 160 171 138 
(Na) I 5 0 0 
Potassium w 21 27 25 26 21 
(K) I 1 0 0 
Specific 
conductance 
micromhos/cm w 1585 1820 2000 2075 1580 
(at 25 C) I 125 <50 <50 
Total w 1346 1575 1558 1812 1347 
Residue I 84 103 0 
(mg/1) � . •  ( I 
Nonfiltrable 
Residue w 23 4 64 21 17 
(mg/1) 
ls = surface sample 
2n = bottom samole 
3w = mean value. of surface and bottom sample 
4r = melted ice sample 
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w 
N 
Chloride concentrations decreased after the December sampling but 
the concentration was not high in this lake (5 mg/1). Increases of 
the major ions do not appear large, (Table 9) because the initial 
concentrations are lower than those found in Lake Herman and Lake 
Madison. 
Lake Poinsett. The specific conductance change in Lake Poinsett 
differed from the previous lakes discussed. A slightly lower value 
was obtained from the December sample (first sample under ice cover) 
than was recorded from the November sample. 
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The remainder of the samples indicate a pattern similar to other 
lakes with specific conductance increasing 34% by the February sample 
(Figure 5). The reason for the decline at the December sampling is 
unknown, since all major ions (except calcium) showed an increase over 
the previous sample. Major anions are carbonate, sulfate, and chloride. 
Major cations are calcium, magnesium, and sodium. Potassium showed 
a decline at the January sample as it did in Lake Herman and Lake 
Madison. A decrease in surface water values occurred on January 28 
just as it did in Lake Madison and apparently for the same reason. 
Total hardness increased over 100% in Lake Poinsett. This increase 
is considerably greater than that of specific conductance or any of 
the individual ions. No similar increases were noted in the other 
lakes for any properties . The reasons for this large increase are 
not understood. Concentrations of many ions in Lake Poinsett did. not 
Table 9 .  Physical and chemical analyses of  Lake Campbell (chemical 
analyses as rng/1) . 
Date of Collection 11-3-67 12-29-67 1-29-68 2-21-68 4-3-68 
Ice 
Thickness (cm) 0 30 53 53 0 
SamEle 
Temperature sl 1 . 0  2. 0 2. 5 5. 5 
(C) 
pH w2 7 . 80 7. 50 7 .82 8. 15 8. 20 
13 7. 70 6. 70 6. 74 
Dissolved 
Oxygen (Oz) w 10. 2 4 . 2  6. 4 17. 6  10. 6 
Phenolphthalein 
Alkalinity w 0 0 0 0 0 
(CaC03) I 0 0 0 0 0 
Total 
Alkalinity w 214 235 267 281 174 
(Caco3) I 12 3 3 
Secchi disc 
(cm) s 20 40 
Calcium 
Hardness w 170 226 224 306 173 
(CaC03) I 6 2 2 
Total 
Hardness w 300 363 406 426 290 
(Caco3) I 18 2 5 
Chloride w 5. 5 6. 8 5. 0 s . o  3. 0 
(Cl) I o . s 0. 5 0. 8 
Ammonia w 2. 10 1. 20 1. 07 0. 28 0. 10 
(NH3) I 0. 85 · o.oo 0. 00 
34 
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Table 9. (continued) 
Date of Collection 11-3-67 12-29-67 1-29-68 2-21-68 4-3-68 
Sulfate w 118 158 180 193 143 
(504 ) I 5 0 5 
Sodium w 15 19 20 21 15 
(Na) I 0 0 0 
Potassium w 10 13 18 16 9 
(K) I 0 0 0 
Specific 
conductance 
micromhos/cm w 560 650 800 800 540 
(at 25 C) I <50 <50 <50 
Total w 395 528 563 627 527 
Residue I 18 90 0 
(mg/1) 
Nonfiltrable 
Residue w 58 19 19 23 158 
(mg/1) 
ls =  surface sample 
�W = mean value of surface and bottom sample 
I =  melted ice sample 
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Table 10 . Physical and chemical analyses of Lake Poinsett (chemical 
analyses as mg/1) . 
Date of Collection 11-2-67 12-30-67 1-28-68 2-22-68 4-6-68 
Ice 
Thickness (cm)  0 41 66 79 0 
Sample 
Temperature 
sl (C) 2 . 4  0 .2  0 . 4  2 . 3  3 . 0  
B2 2 . 8 2 . 5  1 . 2  2 . 3  3 . 0  
pH w3 8 . 51 7 . 92 7 . 81 7 . 68 8 .  72 
14 9 . 10 7 . 11 7 . 10 
Dissolved 
Oxygen (Oz) w 10 , 8  9 . 9  7. 6 5 . 9  12 . 5  
Phenolphthalein 
Alkalinity w 15 0 0 0 12 
(CaC03) I 6 0 0 
Total 
Alkalinity w 232 248 280 286 214 
(CaC03) I 24 4 4 
Secchi disc 
(cm) s 75  40 
Calcium 
Hardness w 124 115 105 136 110 
(CaC03) I 18 0 2 
Total 
Hardness w 218 365 460 515 412 
(CaC03) I 44 2 4 
Chloride w 37 . 5  41 . 5 43 . 3  46 . 4  37 . 5  
(Cl) I 3 . 0  1 . 0  1 . 3  
Ammonia w 1 .  96 2 . 10 2 . 56 2 . 73 0 . 35 
(NH3) I 0 . 35 o . oo o . oo 
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Table 10. (continued) 
Date of Collection 11-2-67 12-30-67 1-28-68 2-22-68 4-6-68 
Sulfate w 223 302 348 325 276 
(S04) I 0 0 5 
Sodium w 72  79  82 84 70 
(Na) I 2 0 0 
Potassium w 18 22 21 24 17 
(K) I 1 0 0 
Specific 
conductance 
micromhos/cm w 1000 987 1140 1340 1170 
(at 25 C) I 85 <50 <SO 
Total w 713 791 892 928 790 
Residue I 68 95 0 
(mg/1) 
Nonfiltrable 
Residue w 8 7 17 9 41 
(mg/1) 
15 = surface sample 
2B = bottom sample 
3w = mean value of surface and bottom sample 
4r = melted ice sample 
return to the levels found before ice cover . This is evident from 
the March sample and occurred in several of the other lakes yet to 
be discussed. 
Lake Cochrane. Twenty percent of the volume of Lake Cochrane was 
frozen at maximum ice cover causing a 19% increase in specific 
conductance (Figure 6) . Lake Cochrane had a considerably higher 
level of dissolved minerals than the other lakes studied, The 
increase in ion concentration was high as measured in mg/1 but 
because of higher initial concentrations is not strongly reflected 
39 
in the percentage increase . All major ions paralleled the development 
of ice cover with corresponding increases in concentration and also 
returned to near their initial level in the spring . 
A definite deviation from this pattern was observed for specific 
conductance. At the April sampling specific conductance remained at 
the same level (3500 micromhos) as it was at the previous sample , 
Surface and bottom samples were identical. This is highly unusual 
in view of the fact that all major ions returned to initial levels, 
Bilello (1968) reported a layer of water near the surface following 
ice melt which was not immediately mixed with the remainder of the 
lake because of a temperature gradient. A layer of melt water, low 
in dissolved ions, could cause specific conductance to remain high 
in the rest of the lake . No thermal gradient was found in Lake 
Cochrane or any of the other lakes (Poinsett , Pickerel, and Enemy 
Swim) in which a failure to return to initial levels was observed . 
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Table 11 .  Physical and chemical analyses of Lake Cochrane (chemical 
analyses as mg/1) . 
Date of Collection 11-2-67 12-30-67 1-29-68 2-22-68 4-6-68 
Ice 
Thickness (cm) 0 46 56 69 0 
Sample 
Temperature 
sl (C) 2 . 5  o . o  0. 0 1. 0 3 . 1  
B2 2 . 3  1 . 8  2 . 0  1 . 2  3.1 
pH w3 8 . 70 8 . 33 8 . 25 8 . 34 8 . 32 
14 9 . 10 7 . 23 7 . 30 
Dissolved 
Oxygen (02) w 12. 0 10 . 4  11 . 3  10 . 0  11 . 5  
Phenolphthalein 
Alkalinity w 17 16 14 6 3 
(CaC03) I 12 0 0 
Total 
Alkalinity w 246 262 294 310 220 
(Caco3) I 44 16 14 
Secchi disc 
(cm) s 215 170 
Calcium 
Hardness w 219 258 244 272 230 
(Caco3) I 48 10 16 
Total 
Hardness w 1928 2212 2326 2385 1896 
(Caco3) I 378 80 67 
Chloride w 17 .0  19 . 5  23 . 9  20 .0  17 .0  
(Cl) I 3 , 0  1 . 5  1 . 5  
Ammonia w * * * * * 
(NH3) I 0 0 0 
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Table 11. (continued) 
Date of Collection 11-2-67 12-30-67 1-29-68 2-22-68 4-6-68 
Sulfate w 1887 2215 2171 2310 1867 
(504) I 358 75  63 
Sodium w 114 139 142 136 120 
(Na) I 16 5 3 
Potassium w 44 55 51 so 42 
(K) I 6 3 1 
Specific 
conductance 
micromhos/cm w 2950 3050 3475 3500 3500 
(at 25 C) I 700 210 170 
Total w 3190 3543 3459 3976 3125 
Residue I 581 195 64 
(mg/1) 
Nonfiltrable 
Residue w 12 6 12 10 9 
(mg/1) 
* Due to interferences encountered with the NH3 test on Lake 
Cochrane, no NH3 values were obtained for the lake water. 
ls =  surface sample 
2B = bottom sample 
3w = mean value of surface and bottom sample 
41 = melted ice sample 
42 
I feel some type of density barrier (possibly chemical) might have 
existed which prevented complete mixing of these lakes inunediately 
after ice melt. This would result in concentrations remaining 
higher in the lake water and low in a layer of melt water, No 
variation between surface and bottom samples was found to support 
this hypothesis. Billelo (1968) indicated a need for mechanical 
stirring (e. g. wind) before mixing occurred in his study. This 
43 
would probably take longer on deeper lakes and may explain why the 
concentrations of the shallower lakes (Herman, Madison, and Campbell) 
returned immediately to initial levels. Stirring by wind is very 
common in lakes of this region. A subsequent sampling of Enemy Swim 
Lake taken approximately 30 days after the April sample indicated all 
concentrations to be at or near their initial level. I feel that 
the lack of return to initial levels is quite temporary following ice 
melt. 
Enemy Swim Lake . Low levels of all dissolved materials are char­
acteristic of this lake as compared to other lakes of the study. 
Pickerel Lake also is low in dissolved material. Although the 
percentage of lake volume in ice (24%) and the percentage increase in 
specific conductance (38%) were fairly high, general ion concentration 
changes in Enemy Swim Lake were unusual (Table 12) . Because of low 
levels of dissolved ions the increases observed as mg/1 were small 
and the 38% increase in specific conductance represented a change of 
Table 12 . Physical and chemical analyses of Enemy Swim Lake 
(chemical analyses as mg/1) . 
Date of Collection 11-24-67 12-30-67 1-28-68 2-22-68 
Ice 
Thickness (cm) 0 56 79 84 
Sample 
Temperature 
51 (C) o . o  o . o  1 . 5  3 . 0  
B 2 0 . 0  3 . 0  3 . 5 3 . 8  
8 . 39S 
pH w3 8 . 60 8 . 55 7 . 88B 8 . 30 
r4 9 . 40 7 . 38 7 . 40 
Dissolved 14 . 85 17 .0S 
Oxygen (Oz) w 12 . 9  15 . 0  7 . 6B 9 . 0B 
Phenolphthalein 105 
Alkalinity w 14 19 OB 15 
(Caco3) I 10 0 0 
Total 
Alkalinity w 210 236 240 245 
(CaC03) I 20 4 4 
5ecchi disc 
(cm) s 180 
Calcium 
Hardness w 82 88 76 98 
(Caco3) I 10 0 1 
Total 
Hardness w 241 277 271 287 
(Caco3) I 42 4 4 
Chloride w 4 . 0  4 . 3  4 . 5 4 . 7  
(Cl) I 0 . 8  0 . 5 0 . 8  
Ammonia w 0 . 05 0.27 0. 25 0 . 17 
(NH3) I 0 . 00 0 . 00 0 . 00 
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4-6-68 
0 
2.2  
2 . 2  
8 . 33 
12.0  
4 
195 
200 
93 
242 
4 . 1  
0 . 17 
45 
Table 12. (continued) 
Date of Collection 11-24-67 12-30-67 1-28-68 2-22-68 4-6-68 
Sulfate w 43 59 48 48 45 
(504) I 13 0 0 
Sodium w 8 10 9 11 9 
(Na) I 0 0 0 
Potassium w 9 9 9 9 8 
(K) I 0 0 0 
Specific 
conductance 
micromhos/cm w 425 428 495 587 530 
(at 25 C) I 55 <50 <SO 
Total w 231 307 340 333 234 
Residue I 29 90 0 
(mg/1) 
Nonfiltrable 
Residue w 4 3 6 5 4 
(mg/1) 
ls =  surface sample 
2B = bottom sample 
3w = mean value of surface and bottom sample 
41 = melted ice sample 
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Figure 7. Relationship between specific conductance and ice thickness on Enemy Swim Lake. .p. °' 
only 162 micromhos (Figure 7) . Specific conductance and filtrable 
residue showed the most substantial increases since they are 
representative of total ion concentration rather than a single type 
of ion. 
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Pickerel Lake. The deepest lake studied (maximum depth of 12. 19 m) 
had the thickest ice cover (86 cm) and lowest percent of the volume 
in ice (16%) . The maximum increase in specific conductance was 31% 
if the average of surface and bottom samples is used. The difference 
between the increase in specific conductance and the percent of the 
volume in ice is fairly large (Figure 8). Definite reasons for 
this difference are unknown. This difference shows that while there 
seems to be a relation between the extent of ice cover and the increase 
in specific conductance in most lakes there are undoubtedly other 
factors involved. Dissolved characteristics of Pickerel Lake are quite 
similar to Enemy Swim Lake and the maximum increase in specific conduc­
tance was only 135 micromhos. Numerous differences between surface 
and bottom samples were observed for several ions. This lake ap­
proaches the surface area to volume ratio which probably cannot be 
expected to undergo the marked concentration changes found in 
shallower lakes. Changes in ion levels (Table 13) from one sampling 
to the next are inconsistent with other lakes studied. 
General Chemical Factors 
Dissolved oxygen levels ranged from a low of 4.2 mg/1 in Lake 
Campbell to supersaturation in Lake Herman and Lake Madison . No 
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Figure 8 .  Relationship between specific conductance and ice thickness on Pickerel Lake . 
Table 13 . Physical and chemical analyses of Pickerel Lake (chemical 
analyses as mg/1) . 
Date of Collection 11-2-67 12-30-67 1-28-68 2-22-68 4-6-68 
Ice 
Thickness (cm) 0 51 71  86 0 
Sample 
Temperature 
sl (C) 2 . 5  0 . 0  0 . 5 2 . 0  2 . 2  
B2 2 . 5  2 . 2  2 . 5  2 . 8  2 . 2 
w3 
8 . 645 
pH 8 . 60 8 . 47 8 . 36 8 . 28B 8 . 32 
14 8 . 00 7 . 31 7 . 28 
Dissolved 15 . 0  
Oxygen (02) w 11 . 5 13 . 2  13 . 0  8 . 5 12 . 0  
Phenolphthalein 19 
Alkalinity w 15 16 7 0 2 
(Caco3) I 0 0 0 
Total 
Alkalinity w 205 212 231 241 188 
(CaC03) I 10 5 4 
Secchi disc 
(cm) s 175 140 
Calcium 1765  
Hardness w 108 120 107 136B 128 
(Caco3) I ' 6  4 1 
Total 
Hardness w 238 280 250 275 230 
(Caco3) I 40 4 2 
Chloride w 3 . 0  4 . 0  4 . 5  4 . 2  3 . 85 
(Cl) I 1 . 0  1 . 0  0 . 5  
0 . 205 0 . 135 0 . 31S 0 . 28 
Ammonia w 0 . 24 0 . 67B 0 . 39B 0 . 46B 0 . 06 
(NH3) I o . oo o . oo o . oo 
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Table 13. (continued) 
Date of Collection 11-2-67 12-30-67 1-28-68 2-22-68 4-6-68 
93S 
Sulfate w 68 75B 59 59 54 
(504) I 10 18 5 
Sodium w 8 11 11 11 11 
(Na) I 0 0 0 
9S 
Potassium w 6 SB 8 9 7 
(K) I 0 0 0 
Specific 
conductance 4905 soss 
micromhos/cm w 410 465B 477 580B 520 
(at 25 C) I <50 <50 <50 
Total w 295 333 323 346 241 
Residue I 0 98 0 
(mg/1) 
Nonfiltrable 
Residue w 6 6 15 6 9 
(mg/1) 
lg =  surface sample 
2B = bottom sample 
3w = mean value of surface and bottom sample 
41 = melted ice sample 
levels detrimental to the aquatic life of these lakes were found 
during the study. Several of the lakes studied are subject to 
occasional winterkill. 
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Ammonia levels were not consistently high in any of the lakes 
except Lake Poinsett. A rise in anunonia concentrations occurred as 
the winter progressed until a maximum of 2. 73  mg/1 at the February 
sample. This increase follows the decomposition pattern described 
by Reid (1961) who also indicates free ammonia in excess of 2. 5 mg/1 
may be harmful to many freshwater species . Lake Herman and Lake 
Campbell had concentrations of 2 . 00 and 2. 10 mg/1 respectively at 
the first sampling but levels were less than 1. 2 mg/1 during the 
remainder of the sampling period. Ammonia levels in these lakes 
should not be appreciably influenced by the increased dissolved 
solids in the water. 
The pH values showed no unusual changes during the study. The 
pH of all lakes ranged from a low of 7. 65 to a high of 8. 70 and no 
lake showed a change of more than 0. 8 units. The stability of pH 
in these lakes is due to their high content of dissolved solids, 
which acts as a strong buffer �Nelch, 1952). 
Filtrable residues showed changes similar to specific conduc­
tance for all lakes except Lake Madison and Lake Cochrane where 
variations occurred in the January sample. Nonfiltrable residue 
did not change noticeably under ice cover (except in Lake Madison 
at the January sample) . Nonfiltrable residues were considerably 
higher in the shallower lakes during open water. This was 
probably due to stirring by the wind. 
Possible Implications 
There are several characteristics of lakes which might be 
affected by substantial changes in the dissolved substances in the 
lake. !he most  obvious is the change in water quality which occurs. 
This change may occur as a large percentage increase in lakes with 
low initial concentrations (Enemy Swim Lake) or as a large change 
in quantitative (mg/1) measurements (Lake Cochrane) or both 
(Lake Herman) . 
Large decreases in water volume which occur in shallow lakes 
under ice cover considerably reduce the habitable volume of the 
lakes. This is a physical change, but because of the large surface 
area and shallowness of many of the lakes in this area, may have an 
influence on the densities of populations in the lakes. 
Increased salinity caused by ice cover may create numerous 
biological problems within the lake. Winterkill, which is a common 
problem in many northern prairie lakes, may be associated with 
higher salinity under ice. The solubility of oxygen in water is 
decreased by increased salinity (Reid, 1961) . This in itself may 
not be sufficient to cause winterkill, but in combination with 
the many other factors which deplete oxygen under ice cover, it 
might have a substantial effect . 
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Effects on organisms caused by salinity increases could vary. 
The osmoregulatory mechanisms of most orgnisms would undoubtedly 
adjust to the changing environment , since the changes are not too 
abrupt. Some organisms might be subjected to concentrations of 
certain ions beyond their tolerance levels. Respiratory changes 
of several organisms in response to increasing or decreasing 
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salinity have been reported. These changes vary among organisms, 
some increasing respiratory rate and some decreasing. Some organisms 
take several weeks to reach a stable respiratory rate following 
changes in the ambient medium (Macan, 1963) , Under low oxygen 
conditions such respiratory changes could conceivably influence the 
biological community. 
The influence of individual ion concentrations on specific 
organisms is not known except at some toxic levels. Sublethal levels 
may cause subtle changes in an organism or population which could 
go unnoticed. This type of change might occur in connection with 
reproduction, growth, or any of the life processes. 
Eutrophication is a basic process occurring in lakes of this 
region and might be hastened by increases in salinity under ice 
cover. The degree of eutrophy exhibited by a lake depends on the 
concentration of dissolved solids and nutrients present. Since the 
majority of lakes in this region are already very productive, an 
increase in salinity would make them more eutrophic. Data from 
the summer of 1968 indicates total carbon values exceed 25 mg/1 
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in Lake Herman and 10 mg/1 in Enemy Swim Lake. The period of higher 
salinity existing for several months under ice cover might conceivably 
influence the species composition of the plankton present. Hutchinson 
(1967) outlined several phytoplankton associations for eutrophic lakes 
and indicated the dominant species may change little but the rarer 
species of a given association are likely to exhibit keys to dif­
ferences between lakes. If changes in species composition of these 
lakes do occur, they might tend to indicate a more eutrophic body of 
water by their presence. 
Implications of increased salinity under ice cover are only 
speculative, as no biological work was carried out. I believe the 
above hypotheses warrant further research in the form of laboratory 
and field bioassays to determine as closely as possible the exact 
influence of such changes. The basic chemical-physical phenomenon 
of concentration also needs further study on these lakes and other 
lakes of the northern prairie region. Knowledge of the biological 
changes which occur as a result of this phenomenon will be needed 
in the days of more sophisticated fisheries management. Such 
management can only result from a thorough understanding of all the 
ecological changes taking place. 
SUMMARY A..'ID CONCLUSIONS 
Water quality changes occurring in seven eastern South Dakota 
lakes as the ice cover increased resulted in increases in specific 
conductance of over 40% in two of the lakes. Increases in other 
lakes ranged from 19 to 38%. Increases in specific conductance 
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were paralleled by most major ions in the lakes. Some ions deviated 
from this pattern (notably potassium in Lake Herman and Lake ��dison) . 
These were generally not the major ions in a given lake. Water samples 
revealed little difference between surface and bottom samples. Results 
of analyses from several sampling stations on Lake Herman and Enemy 
Swim Lake showed no substantial difference among stations. 
Concentrations of most ions returned to their initial level 
following the spring melt . Some ions differed from this pattern in 
the deeper lakes , although this is believed to be only a temporary 
situation. Inverse temperature gradients occurred under ice cover 
and gradual warming took place through the winter. Measurements of 
dissolved oxygen and pH indicated no unusual changes in either 
property . 
Ice cover ranging in thickness from 53 to 86 cm developed on the 
lakes. Analyses of melted ice samples showed small amounts of 
dissolved solids to be present in the upper layers of ice. No 
appreciable concentrations of any ions were found in the ice of 
lower layers. 
Results indicate a concentration phenomenon can be expected 
to occur in many shallow northern prairie lakes under ice cover. 
Lakes with higher concentrations of dissolved solids can be expected 
to show this phenomenon best. Lakes which are deeper and/or low in 
dissolved solids cannot be expected to show as substantial an in­
crease in salinity, although the same "freezing out" of dissolved 
solids by the ice will occur. The amount of increase appears 
related to the extent of ice cover and percentage of lake volume 
in ice, although the relation is not necessarily direct. 
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This phenomenon, occurring in shallow lakes, will cause 
substantial chemical changes during the winter months, As 
eutrophication continues and levels of dissolved solids increase, 
concentrations under ice cover might cause lethal levels of dissolved 
material each winter. Sublethal levels could easily develop which 
could place organisms under stress and cause subtle changes in 
populations. Increased salinity may be a contributing factor to 
winterkill in these lakes. 
The habitable volume of lakes will be appreciably reduced by 
the high percentage of lake water in ice. This may influence 
population densities of some organisms. 
Conditions under ice will change physical and chemical char­
acteristics of lakes for approximately one quarter of each year. 
Species composition of the aquatic ecosystem might be determined 
in part by conditions prevailing under ice cover . 
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